During the Audouin's Gull's breeding season at the Ebro Delta in 1993, 24 fresh eggs from eight three-egg clutches (modal clutch-size) were collected at the peak of the laying period. Eggs were processed to obtain formalin-fixed yolks, which were halved and stained using the potassium dichromate method. Digitized images of the yolks were examined to assess the daily rates of yolk deposition. We used these data in combination with egg compositional analysis to build a model of energy demands during the formation of an average clutch in Audouin's Gull. To show how the different parameters of clutch formation affect the daily energy investment peak, we performed a simulation analysis in which the rapid yolk development (RYD) period, the follicle triggering interval (FTI), the laying interval (LI) and the albumen synthesis period (ASP) were allowed to vary simultaneously. In our sample, the mean RYD period was seven days with a range from six to eight days. There were no significant differences in yolk volume among eggs in a clutch, but albumen volume was significantly smaller in third eggs. According to our model the albumen synthesis of the a-egg coincides with the energy demand peak for clutch formation. This peak represents an increase by ca. 42% in female energy requirements. Values obtained from the simulation analysis showed that only the ASP of the a-egg and the RYD durations of the second and third follicles produced noticeable reductions in peak energy investment. We predict that in gulls, whose laying intervals seem to be kept constant, significant increases of the durations of the RYD periods of second and third eggs, or even significant reductions of yolk size of these eggs, may operate simultaneously to match the energy demands during clutch formation to the prevailing food conditions.
Reproductive effort per breeding attempt is one of the main parameters defining life-history strategies (Stearns 1992) . In birds, clutch size is viewed as one of the traits showing close adjustments to individual capacity and local conditions (Lack 1968 ), but since many brood manipulations have shown that birds can rear more young than the number of eggs they lay (see Monaghan and Nager 1997 for review) the proximate mechanism by which clutch size is adjusted remains poorly understood. Recent studies suggest that costs of laying and incubating eggs might also play an important role in parental fitness (Monaghan et al. 1998) .
Laridae have been recognized among those birds which have comparatively high energetic demands for egg formation (Ricklefs 1974 , Robbins 1981 , Houston et al. 1983 . It has been suggested that such costs may limit clutch size in gulls to three eggs (Reid 1987 ). However, experiments in which additional food was supplied to well-fed laying females without any further increase of clutch size (Hiom et al. 1991 , Bolton et al. 1993 , and experiments showing the ability of females to lay additional eggs when the preceding eggs were removed within 12 h of laying (Parsons 1976 , Lundberg and Väisänen 1979 , Salzer and Larkin 1990 , Monaghan et al. 1995 , are evidence against such an energy constraint.
Additionally, there has been considerable debate about the causes underlying the characteristic small size of the c-egg in gulls. It has variously been described as an adaptive mechanism either to facilitate brood reduction, act as an insurance, or to decrease hatching asynchrony, while other authors view it simply as a consequence of the aforementioned constraints during clutch formation (see Reid 1987 , Salzer and Larkin 1990 and Kilpi et al. 1996 for reviews).
Even though the energetic demands during clutch formation were modelled more than twenty years ago (King 1973) , and a technique is available to assess daily energy/nutrient demands during yolk formation (Grau 1976) , few studies have attempted to examine empirically such demands in wild birds, controlling for intra-(laying order) and inter-clutch (individual quality, breeding season) effects (Astheimer and Grau 1985 , Hatchwell and Pellatt 1990 , Meathrel 1991 , Hipfner et al. 1997 ).
Moreover, in many studies the energetic demands for clutch formation have been approached through fractionation analyses of egg contents and the later conversion to energy of the major egg components. These studies have traditionally overlooked the costs associated with obtaining the different components (Perrins 1996, Monaghan and Nager 1997) and, as a consequence, overemphasized lipids and overlooked proteins as Houston et al. (1995a, b) pointed out.
In this paper we focus on the energy requirements of Audouin's Gull Larus audouinii associated with the deposition of lipids and proteins in eggs during clutch formation, and carry out a simulation analysis on a refined version of King's (1973) model to describe the more relevant parameters influencing the peak energy demand. Finally, on the basis of these parameters we predict how Audouin's Gulls may adjust such demands to current energy availability during a breeding attempt. The potential influence of the model parameters on egg-size variation is also discussed.
Material and methods

Study area
The Ebro Delta (NE Spain) holds more than 11000 breeding pairs of Audouin's Gull, i.e., ca 60% of the world's breeding population (Oro 1998) . The breeding colony comprises a number of sub-colonies scattered over a sandy flat peninsula of 2500 ha (Punta de la Banya, Ebro Delta N.P., 40°37%N, 00°35%E). The landscape is a mosaic of brackish marsh and small dunes covered by halophilous vegetation.
Sampling
In the 1993 breeding season, 24 fresh eggs ( B12 h after laying) from eight three-egg clutches (modal clutch-size) were collected, under licence, during two daily inspections of previously selected nests at the peak of the laying period.
To avoid effects of egg removal on laying pattern, the eggs were replaced by surrogate hen eggs. Once collected, the eggs were labelled, measured with digital calipers to the nearest 0.1 mm, and stored at 4°C until analysis. Egg collection was completed in one week, and laboratory analyses were undertaken in the following week to prevent degradation of the yolk layer structure.
To obtain data on lag duration, i.e. the time between follicle maturation and egg laying, we placed sardines containing a capsule filled with Sudan Black IV in empty nests at known dates, in order to assess the number of days elapsed from capsule ingestion to egg laying (cf. Astheimer 1986 ).
Analyses
The eggs were processed following the procedures described in Astheimer and Grau (1985) to obtain formalinfixed yolks, which were halved through Pander's nucleus and stained using the potassium dichromate method (Grau 1976) . Stained yolks were photographed and pictures scanned. Digitized images of the two surfaces of each egg were examined using image-analysis software (IMAT, Serveis Cientifico-Tècnics de la Universitat de Barcelona) on a graphic workstation. Once dark-light layers had been identified and their perimeters defined, we estimated their volumes by surface revolution and subtraction of the spheroid volume defined by the preceding layer, or, in the case of the first layer, the volume of the protein-enriched white yolk (latebra). Since the latebra develops prior to the rapid yolk deposition (RYD) period (Murton and Westwood 1977) , its volume was not taken into account.
The albumen volume was estimated by subtracting yolk volume from the internal egg volume as determined from external measurements. We used a volume constant calculated in our laboratory for Audouin's Gull eggs (V i = 0.485 · Length · Breadth 2 , r 2 = 0.999, n = 38). Protein and lipid weight were obtained from mean density values calculated for this species in our laboratory from egg compositional analysis: yolk lipid density= 0.2915 g cm ; yolk lean dry mass density, assumed to be yolk protein -cf. Astheimer and Grau (1985) =0.208 g cm ; albumen protein density = 0.1252 g cm − 3 . Conversion to kJ of each egg component was done using conversion factors for lipid (39.757 kJ g − 1 ) and protein (23.645 kJ g − 1 ) (cf. Ricklefs 1974).
The model: rationale and assumptions
Clutch formation
Egg formation is the result of processes taking place in the ovary and the oviduct. Yolk formation encompasses two different periods: a long period (ca. 60 days in poultry, Gilbert 1971) , during which small quantities of latebra are deposited; and a rapid yolk deposition (RYD) period, during which the bulk of yolk is deposited. The lag period is the time interval between follicle maturation and egg laying (Astheimer and Grau 1985) . The albumen synthesis takes place during the lag period (Astheimer 1986 , Norstrom et al. 1986 ), followed by the sequential deposition around the yolk of albumen, membranes and shell. We assumed a fixed two-day period for the deposition of egg components in the oviduct and for egg laying Grau 1985, Norstrom et al. 1986 ). Also, we assumed that the breakdown of the follicular stigma and the release of fully grown yolk into the infundibulum do not occur until the synthesis of the corresponding albumen mass at the magnum is achieved (Astheimer 1985, Astheimer and Grau 1985) . There are no quantitative data available on the duration of the albumen synthesis period for wild birds, but evidence from studies of seabirds producing more than one egg suggests that it takes place mainly during the first days of the lag period (Astheimer 1986 ). We therefore assumed that albumen synthesis is uniformly distributed during the first days of the lag period (i.e., lag period minus two days, Astheimer and Grau 1985) .
Staggered yolk initiation is one of the main parameters which potentially affects the daily energy demands of pre-laying females (King 1973, Murton and Westwood 1977) , and which seems to be consistently related to laying intervals (Astheimer 1985) . However, since there are alternative ways in which to obtain variable laying intervals (variation in RYD, increase of lag period), our model incorporated the possibility of changing all these parameters. In this way, we could assess the potential effects of each parameter on daily and cumulative energy demands.
Energy: 6alue and in6estment
Traditional analysis of energy demands during clutch production involves the direct transformation of major egg component fractions (i.e., lipids and proteins) to kJ (hereafter energy value), using the appropriate conversion factors (see above) or, less often, by direct calorimetry (Norstrom et al. 1986 ). Generally the only refinement is a consideration of biosynthesis costs (cf. Ricklefs 1974) , whereas other costs have been disregarded in such analyses (Perrins 1996) . In our analysis, we used the concept of average efficiency of utilisation of metabolisable energy above maintenance for fat and protein deposition (Blaxter 1989 ). This concept accounts globally for costs of metabolism, absorption and deposition of rebuilt materials. Average efficiency values for lipids and proteins in birds are about 78% and 55% respectively (Blaxter 1989) . Therefore, we can calculate the initial amount of energy necessary in the form of lipid or protein to obtain their respective amounts finally deposited in the egg (hereafter energy investment).
Since the Audouin's Gull is a threatened species, for ethic reasons we could not sacrifice animals to assess the costs of ovarian recrudescence, oviduct thickening and synthesis of membranes and shell. Therefore, our results are an underestimate of the true energy investment (Carey 1996) .
In order to assess how costly clutch formation is for Audouin's Gulls, we compared the energy required for egg production with the Field Metabolic Rate (kJ · d − 1 spent by a free-living seabird). FMR of an Audouin's Gull was estimated to be 3.29 times its Basal Metabolic Rate (BMR = 2.1857 mass (g) 0.7347 , Furness and Monaghan 1987) . This factor is an average calculated using 18 seabird species (BirtFriesen et al. 1989) .
Since the duration of RYD showed some variation among yolks, in order to describe the process of yolk growth for all the follicles, yolk volume and days elapsed were transformed to percentages and their relationship fitted by means of a cubic model.
Simulation analysis
To show how the different parameters of clutch formation affect the daily energy investment peak and, therefore, which of them are most susceptible to variation (i.e., those influencing the shape of the cumulative yolk deposition curve) we performed a simulation analysis. This analysis accounted for simultaneous variations in the rapid yolk development period (RYD: 6 -10 days), the follicle triggering interval (FTI: 1 -4 days) and the albumen synthesis period (ASP: 2 -3 days). We assumed the period between albumen deposition and egg laying to be two days for all the eggs in the clutch, resulting in a lag period of ASP plus two days. We generated all possible combinations, but restricted the analysis to those combinations in which ASPs did not overlap (cf. Grau 1985, Grau 1996) and which resulted in a laying period of 4 or 5 days for the entire clutch (the most common values in the Audouin's Gull, Oro 1998) .
Since all the above-mentioned factors can operate simultaneously in different combination patterns and their relative impact can be influenced by each other, we used a stepwise multiple regression to explore the relationship of each variable with the values of energy investment peak. Table 1 . Rapid yolk deposition (RYD) period in days for the successive eggs (1, 2, 3) in a clutch, laying interval between first and second (LI1) and second and third (LI2) eggs in a clutch, yolk volume (YV) and albumen volume (AV), both in cm 3 , according to laying sequence (1, 2, 3) for the eight clutches analysed. 
Results
Data on Audouin's Gull eggs from the Ebro Delta
The rapid yolk deposition (RYD) period lasted seven days on average with a range from six to eight days. The number of yolks departing from the mean value appeared to increase progressively in the second and third eggs (Table 1) . However, there was no significant relationship between RYD duration of the third egg and the observed laying interval between the second and third eggs (G test =2.947, P =0.68). Moreover, the albumen volume of the third egg, expressed as the deviation from the mean albumen volume of the first two eggs, did not differ significantly when the laying interval between the second and third eggs was two or three days (Mann-Whitney test U =7.5, P \ 0.9). The mean volume of latebrae was 0.163 cm 3 (SD= 0.08, n = 24), mean volume of yolks 15.24 cm 3 (SD= 1.85, n = 24) and mean albumen volume 45.56 cm 3 (SD=3.45, n =24) ( Table 1 ). There were no significant differences in yolk and albumen volumes between first and second eggs (paired t-test, d.f. = 7, t = 0.10, P = 0.92 for yolk, t = 1.97, P =0.09 for albumen). Yolk and albumen volumes of the third egg were compared with the corresponding mean values for first and second eggs. Differences were not significant for yolk volume (paired t-test, d.f. =7, t =0.34, P =0.74), but albumen volume was significantly smaller in third eggs (paired t-test, d.f. =7, t =2.96, P =0.02, significant with Bonferroni correction). In Fig. 1 we show the fitting of the cubic model for the first, second and third follicles in a clutch.
The model
In only two cases did laying females ingest the dye capsules enclosed in sardines left at their nests. In both clutches, only the last yolk layer of the third egg was stained. Therefore we obtained lag data (four days) only for these two eggs, and assumed this value for all the population. This implies that at least two days are necessary for the deposition of egg materials in the oviduct and the laying of the egg and, hence, that the first two days are used for albumen synthesis (cf. Astheimer and Grau 1985) .
Assuming as a standard the most frequent values found for the various model parameters (i.e., RYDs of seven days, lags of four days, and laying intervals of two days for average-sized eggs in each position of the laying sequence), we obtained the average daily investment of energy for yolk lipids, yolk proteins and albumen proteins (Fig. 2) .
The FMR for Audouin's Gulls was estimated to be about 710 kJ d − 1 , therefore the peak demand for clutch formation (299 kJ) represents an increase by about 42% in total energy requirements (see Fig. 2 ), which agrees notably well with the values (40-50% of the daily energy budget) calculated by Van Es (1980) when taking into account not only the apparent energetic value of egg contents, but also the metabolic costs involved in their formation. first yolk must be completed when the albumen synthesis of the first egg starts, this parameter cannot influence the peak energy investment and, therefore, was excluded from further comparisons. In Table 3 , values for the energy investment peak, according to ASPs of two and three days, different RYD durations of second and third ova, and different FTIs between first, second and third follicles are compared, showing that only ASP and RYD duration seem consistently capable of producing noticeable reductions of peak energy investment.
The multiple regression analysis (Table 4) showed that the first predictor variable incorporated by the model is the ASP of the first egg, followed by RYD of second egg yolks, and RYD of third egg yolks (model A). However, when a fourth variable was added (model B), the standardized coefficient of RYD of third yolk and FTI between second and third follicles showed higher values than RYD of the second yolk. This suggests that combinations with an increase in RYD of the third egg and a longer FTI between second and third follicles are more efficient in reducing peak energy investment than those only operating through increased RYD of the second yolk. However, this is an outcome of the restrictions imposed on our simulation analysis (laying period of 4 or 5 days), because longer FTI intervals can only be achieved through a concomitant shortening of RYDs, which results in reverse trends of FTIs in relation to investment peak values: higher peaks with longer FTIs (see Table 3 ). Astheimer and Grau (1990) provided a list of RYD durations for nine gull species. Durations ranged from five to eight days for Larus canus to the exceedingly long 15 days for Rissa tridactyla (see Roudybush et al. 1979 for lower RYD values in this species). RYDs found in the present study fall within the lower range of these values. Walsberg (1983) found a significant relationship between egg mass and RYD duration for birds in general. However, Astheimer and Grau (1990) did not find a significant relationship between these parameters for non-procellariform seabirds, and
Discussion
RYD duration
Simulation analysis
We obtained a total of 3936 combinations fitting the rules of the simulation analysis, but 2320 (59%) of them were discarded because of overlapping ASPs. From the remaining 1616 suitable combinations, only 318 fitted the condition that laying period for the whole clutch was either four or five days, and were selected for further analysis (see Material and methods).
In Table 2 , we show descriptive statistics on maximum energy invested daily per egg component (yolk lipid, yolk protein, albumen protein) and peak energy investment for the whole clutch in the 318 combinations analysed. Note that albumen protein is both responsible for peak energy demand, as depicted in Fig.  2 , and is the egg component requiring most energy. Accordingly, we considered the number of days involved in the albumen synthesis (ASP) of the first egg (i.e., the amount of albumen synthesized per day) as the main factor able to reduce peak energy demand during clutch formation. Since, by necessity, the RYD of the Comparison of median and range values of the energy investment peak according to the duration of ASPs (2 or 3 days) of the a-egg, duration of RYD in b-and c-eggs (6 to 10 days), and FTI between a-b and b-c eggs (1 to 4 days) for the 318 cases selected in the simulation analysis. Note that trends in a-b FTI variation are opposite to those observed for RYD duration. This result is an outcome of the restrictions imposed on the simulation, since longer a-b FTIs can only be achieved through shortening of the b-egg RYD when the laying period is fixed to four or five days. Meathrel (1991) argues that the suggestion of Roudybush et al. (1979) , that RYDs tend to be longer in the larger species of gulls, may be a premature generalization. However, we analysed these relationships in 13 species of gulls, and found a significant correlation in both cases (Spearman rank correlation of RYD and body mass, r S =0.73, P =0.005, n =13, Fig. 3 , and r S =0.75, P =0.003 for RYD and egg mass). According to these two relationships, Audouin's Gulls breeding at the Ebro Delta show a relatively low RYD value for their body and egg masses, in common with Larus canus, a phylogenetically related species (Brown et al. 1982) . We agree with Meathrel (1991) , however, that more reliable data on RYD values and their intraspecific variability are needed in order to refine such generalizations and assess the extent to which RYD may reflect differences in proximate factors during clutch formation.
Energy investment and egg size
The peak energy demand during clutch formation was attained on day nine, or two days before the laying of the first egg. This peak was 299 kJ d − 1 , which represents about 50% of the 609 kJ invested in the production of yolk plus albumen of an average-sized egg (authors unpubl.) . This is consistent with the predictions of King's model (1973) which suggests that energy demands will peak two days before the first follicle (the whole egg in our case) is completely formed, and that peak energy demands will be half the value of an entire egg when the laying interval is two days (Houston et al. 1983) . It is worth noting that such conditions were met despite the fact that individual follicle growth did not follow a sinusoidal model (as assumed by King 1973) , but an exponential curve, as described by Astheimer and Grau (1990) .
Our model shows that the peak energy demand is attained during the albumen synthesis of the first egg. This occurs when the first yolk is already completely grown, the second is almost fully grown (80%), and the third is only about half grown. Hence, the effects of such an energetic bottleneck, if any, can only be reflected in the yolks of the second and third eggs. As we found no significant differences in yolk size, these effects are probably reflected in the higher variability observed in the RYDs of second and third yolks. Therefore, we predict that in species laying more than Grau (1990) , Roudybush et al. (1979 ), Meathrel (1991 , Houston et al. (1983) , and this study. Data on female body mass are average values calculated from Cramp and Simmons (1983) and this study.
average in comparison with a year with normal food availability, whereas this difference was only about 2 cm 3 on average for the second and third eggs. Pons (1992) found the same trends in a population of Herring Gulls L. argentatus when comparing eggs laid during conditions of normal and poor food availability. Bolton et al. (1992) performed a series of experiments to assess the effects of food supplements of different quality on L. fuscus eggs, and conclude that the reduced size of the third egg is not the result of food limitation. Furthermore, Oro et al. (1999) have shown that in the Audouin's Gull, the a-egg volume was closely associated with food availability during clutch formation for a series of six years in the Ebro Delta colony.
Laying intervals or RYD duration
Staggered yolk initiation (FTI) is one of the main parameters which could potentially affect the daily energy demands of pre-laying females (King 1973, Murton and Westwood 1977) . Lack (1968) suggested that females facing conditions of food scarcity should tend to increase laying intervals. In our simulation analysis we observed that increasing RYD is more efficient in lowering the peak energy demand for clutch formation than varying FTI (Table 3) , but also that when all the variables are considered together, the FTI between second and third eggs has a stronger influence than an increase in RYD of second eggs (Table 4) . Therefore, it seems that there are two options available to match the energy demands to energy available: to vary FTIs, i.e., laying intervals, but maintain RYDs (Astheimer 1985) , or to maintain laying intervals and vary RYDs.
Significant differences in intervals between eggs have been found in some species, particularly galliforms (Wiebe and Martin 1995) , small passerines (Nilsson and Svensson 1993) , and European Kestrels Falco tinnunculus (Aparicio 1994) . However, in gulls no significant differences have been detected for either the first or the second laying interval (Weidman 1956 , Parsons 1976 , our unpublished data for the Audouin's Gull), nor between eggs in clutches in which laying was protracted by removing eggs as laid (Parsons 1976) , or between situations of different food availability (Oro et al. 1996 , our unpublished data for Yellow-legged gulls Larus cachinnans). This suggests that gulls use the second option (i.e. to vary RYDs without changing laying intervals significantly) to match the energy demands for yolk formation to food availability. This can be achieved either through moderate increases of RYD formation periods or by producing smaller yolks, i.e., diminishing the daily yolk deposition rate in these follicles (Hipfner et al. 1997) , or both.
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